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.. 
The laser-Induced breakdown fields for fused SI02, stnnle crystal HaCl and 

air wert measured at 1.06 ~m for laser pulstwldths ranolnn fr~ 40 psec to 31 
nstc. Theae txptrlmenta rt~resent the first such meaaur..enta over a ranne of 
lOl In pulaewldth while ktt~lnq other 91ra..ters such aa apecl .. n, laaer fre
quency end focal volu.e constant . The laser-Induced breakdot~ fields of fust4 
~102 and 110911 crystal llaCl were found to be only sllahtly dependent on puhe· 
width, I.e •• Ee • tp·• where x ' 1/8, whereu the air breakdown field varied u 
EB • tp·\, The tlaCl and SI02 results are In sharp contrut t.G the predlctlona 
or various MOdels [1,2] and ~revloua published ~ulsewtdth depandence data (2, 
3] . The work of BETTIS et !l· [1) predicts that the breakdown thrtahold field 
will scale· ~· tp·\. In contrast, work by SHITH et al. [3] Indicated an approx· 
l .. tely tn·\ dependence of the breakdown field for Riel uslno pulaea In the 
ptcoseconlt r~lon. The litter workers ca.pared their 30 paec data with pre· 
vlous data fro. FIWHN tt al. [4) . SHITil at el. (3) attempted to correct their 
data for self-focuslnn i1fe4:ts by using the-technlqua proposed by ZVEREV and 
PASHKOV [6] but did not al•llarly reduce the data fr01 fAAOI~t al. [4]. evtA 
thouoh the latter author• exc .. ded the crltlctl power for aelt:focut1ng by at 
MUCh 11 an order of .,gnltude. In addition, the .. asur~nta perfo~ by 
these two groupa were ttktn with different focal vol~s . Recent work his 
shown that 1n .. ny case' laser-Induced breakdown 11 dependent on focal volUMe 
and varies greatly a.ang spect .. ns of a given Mattrltl (6,7]. Thus. puls~ldth 
dependence data 11 difficult to Interpret unlaaa all other per ... ters are ~ld 
coaatant and the 11111 apectMn h used at all puhewid.\111. 

The laser source for the picosecond deta presented In thla ~~rk wts a pts
atvely IIIOdt- locked C)uantel, tld:YAI\ syH1111 operattna at 1.06 111!1. A alnnle puht 
fro. the lOde-locked train was switched out and aMPlified to produce alnglt 
pul111 of .. tsured Gausaltn Intensity profile and ~ausalan ttMPOral dtatrlbu· 
tlon. The te.poral pulaewldth w1s variable bettMtn 30 and 200 pate by selec
ting various etalons as the output counler. The width of each ~ulse waa dittr· 
MIMd by .anltorlnn the ratio, ~. of the square of the aneroy tn the fundiMn· 
tal (1.06 ~) to the eneray In the ttcond harMOnic produced In a Lti01 crya~l. 
Thh ratio h directly proportional to the puluwldth and wu calibrated b)l 
.. aaurino the pulaewldth uaino second harMOnic •utocorrelatlon tcana and ac
cepting only a narrow ranue In ratios, R. Oa~!JI 4tta was then aelected ac
cording to the t .. pora\ width of Individual pulses. The breakdown threshold 
was taken to be that Intensity at a given puls"~ldth which produced dalllge 601 
of the tl... Each sltt was Irradiated only once. The enerny on tarryat Wll 
varttd by changing the anole between a calibrated pair of Glan polart&ert . 
The nanoaecond dati was taken on the ~ ~ ualno a Q·awttchH IWiilaU 
later. The aa.. focualno lenaea were Yltd;-and-the tntrOY MOftltor Mlt •t· 
"'~11 'lli~ted Mtth tal one used for the plcoaecond ... ,w,....ta. 
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flLl. A tlbulAtlon of tho RMS bre11kdown elec tric fields, [II, of SIOz. HaCl 
iiilllr for focu5td spot 1hu (1/e~ half- width In lntlo51ttl of 5. 0,~.1. 
tt.l, and 19.3 .- and for v1rtoua optlctl puluwldth• (FHIM) In puc 

The results of our nwtuurement' ove r c1 ran!l• of 101 In pu huwldth for foe a I 
apot radii fr0111 5 .0 to 19.3 11M are 5u~~tn.trlud In fi!J.l. Self- focu51nn effect& 

... rt n1glected tn calculatin!l the breakdown flelda . Some workers claim that 
MMrvld d&jlttndances of brukdown field& on focal spot radtl are due to self
fclcuatno [3,5), and they sule their result!> 1n accordance ~1ith the technique 
"'991sted b¥ ZVE!lfY lnd PASHKOY [6) . ZVt:REV and P".SHKI)V [5] predf~i that 1 
'lot of,,. (PY ta the PQN~r at which breakdown occura) versua w0 • ylelda 1 
avatght lne o ven by 

-1 2-1 -1 
Pa • 2(1o "''o ) + PeR (1) 

Yhtre PeR is the critical power for 51llf- focu5 ln!J and In Is the breakdown ln
tenatty. The bls1c aa,~tlon of this procedure Is that Ia Is the ifl!rlnstc 
W..kdown intensity and h independent of the focal 1pot r adtua."' lfTacTearly 
IleA fro. flo.2 that thla scallnn tec hnique c annot be used for our ex~erl"'nte. 
All of the data for the different !Juhowldths foliO\'" a sllnlhr patttrn end 
tiAnot bl ftt to 1 str1t~ht line . Deviations from the stratnht line fit for 
larue spot shes have been notad !>•·ovtously [J]. Such data have been dhre 
gardtd by ar!]utno that for lar!]e focal radii and powers near Pcq, the constant 
shlpe solution to the nonlinear ~tave equation (on which the ZVEREV and PASHKIJV 
(i] procedure h bued) ts no longer valid . flowever, the ai1'JUIItflt cannot u · 
'ltlft tJ~e 1Mll focal radii date shown In fl!).2. 

It hu been clell'ly eitablhhed that with the poH ibl e u ca[ltlon of 1 s111all 
Alllblr of spec1Nfll t e sted by :WI[HKOV (61, the laser- Induced breakdown f1elda 
are not tntrlns tc, and vary ore1tly evlln for specimen\ of a !]lven uter1ll fr011 
the ,.., supplier (7.8.9]. This violation of the baste a5 s~nptlon thlt the 
... ge_h_tntrlnalc cuh doubt on !)rtvlously publhhad data ~there the ZYER£V 
~ ~ [I] ICtllng wtl used to Interpret breakdotm thre1hol~1. 
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lie conclude that the role of self-tocuslnn In t hese expert11ents cannot be 
determined, and therefore, the data presented In flg . l do not inc lude any self· 
focus lng cor rect tons (even though Ps exceeda 1111ny •• t11111t11 o~ Pctl). Thh ap· 
ptrent dhcrepency with aelf-focu•tnu theory can be uplalned by fncludtno the 
effect of plu1111 defocuatng . It hu been 1hown that the neoattve nonlinear 
tnd•x of refraction, n2, due to free electrons produced by the Intense oett cal 
fields counttrs the poalttve n2 resulttng from bound electronic •ffects L7,8]. 

The pul sowtdth dependence as shown in fi g . 3 fs Import ant for understandlno 
the b4stc 1111chlntsa~s of laur- lnduced fatlu re . Only part of ,W.ae data of f1g.l 
h shown tn Ftg . J but thJt sho~tn h typtcal of all the data. Atr breekdown wu 
observed to scale •• tp· ' as predic ted by the stmple avalanche theoryi however, 
bulk da.age tn both SI02 and HaCl sh~t a ~ch al~~r dlpendence on tR then pre· 
dtcttona of v1rtoua .odtll and prtvfous [1,2] pul stwldth dtptndtnct oate [2,3), 
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fJ.!L3 The nonna ltzed R."1S breakdown f ie ld versus nonna l tzed temporal pulse
width at 1.06 11111. The llr eakdown fteld was nonnalt zt1d by dtvtdtng the t1eld by 
the breakdown fiel d at the ahor tttst puhewldth llffiployod for that Ntertal and 
1pot ahe . The puhewldth was then scaled by the 1hortut puhewtdth. for 
t Ka.plt, the breakdown tteld for SI 02 at a spot tlze of &.0 ~ wat dtltr.tned 
by non~altztng tht breakdown fttld by JO . l IN/cM and the pulae.tdth by 43 pate 
('Ill Ftg.1). Thh non~altutton auures that the Intercept eoe• thro~H~b 1.0 
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For example, the fit of datct from [ J] and [4] t o predict Ions !lased on d . c. 
breakdown theory hu been lnter pretud u uvldence for tha avahnche brukdo,~n 
1110del. The tD· '- dependtmce of tile brukdown tleld determined In (J) wu ustd 
to scale 30 psec data at \.06 ~~to 21 p5ec iO that frequen cy dependence be· 
tween 1.06 and 0 . 63 ~ could be examined (\0] . As a r esult o f thh scaling, 
the breakdo1·1n field s at ll . 53 IJM 11re ~ound to be 9reater than those at 1 .06 lllll 
further supporti ng the avalanche model. tlowever, If the scctllntl results for 
llaCl and SI02 shown In ftu.3 are used Instead, the breakdown field at 0 . 53 ~ 
uould be lower than at 1.06 1JM and would Indicate that avalanche brukdo~m w.ts 
not the d ... ge '*chanl,m. 

There are laser- Induced brectkdo~n theories whi ch pred i c t very wectk pulse
tlidth dependence s 1m1lar to the buJ k dar~aye resu Its presente d here . For fiX· 
Ul()lo, SPARKS (11] predicts a tp•V6 seal in!) of th11 lasor· induc:ed breakdofm 
fields . BRAUilLICII, ~!. !l_. (1 2] have pointed out that multlphoton proceu'l 
should becOM 1ncreulngly more Important as luer pulserlidth dec reases . • 
They predi c t that In the ab,ence of an avalanche, t 0• • (£8)n+l ~here n Is the 
order of the mul t lphoton process. The band gap of 5102 and "•Cl Is approKt · 
111ately 7. 8 eV. Dll'lc t eKc1tatlon of elec trons a c ross the gap would be a 7 
photon process for those 1111\~rtals at 1. 06 IJill for 1~hlch c ase the !)ulse~ttdth 
dependence would be Eo « t • 11• Although It Is unlikely that di rect u c tta
tton of electron' across fhe gap ts the mechanism for la ser Induced tatlure 
of llaCl and SI02 , this and previous (7 ,8] pulsiwldlh dupMndence 'tudles Indi
cate that 11Ul tlphoton procoues may play a more Important role In luer-lnduced 
breakdown thtn was prev 1ou~1y thouuht . The data of flo . I ore 'tualltathely 
consistent wtth the multtphoton·tntttated avAlanche brea kdown .adel ~resented 
tn Re fs . 7 and 8 [13] . 

This work was perfonned as part of a j o tnt NTSU/HIJC research pro!) ram spon
sored by the Office of Haval Research (OIIR) and the llorttl Teus State faculty 
neuarch fund . A. L. S.trl also whhu to thank the OtiR for •upport .. 
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